We report radio observations of two stripped-envelope supernovae (SNe), 2010O and 2010P, which exploded within a few days of each other in the luminous infrared galaxy Arp 299. Whilst SN 2010O remains undetected at radio frequencies, SN 2010P was detected (with an astrometric accuracy better than 1 milli arcsec in position) in its optically thin phase in epochs ranging from ∼ 1 to ∼ 3 yr after its explosion date, indicating a very slow radio evolution and a strong interaction of the SN ejecta with the circumstellar medium. Our late-time radio observations toward SN 2010P probe the dense circumstellar envelope of this SN, and implyṀ [ M ⊙ yr −5 , with a 5 GHz peak luminosity of ∼ 1.2×10 27 erg s −1 Hz −1 on day ∼464 after explosion. This is consistent with a Type IIb classification for SN 2010P, making it the most distant and most slowly evolving Type IIb radio SN detected to date.
INTRODUCTION
Core-collapse supernovae (CCSNe) are the signposts of recent massive star formation. Since much of the massive star formation is embedded in dust, a substantial fraction of the CCSNe in the Universe will remain hidden in optical searches . This is particularly true in the case of star formation taking place in the dusty environments of luminous (10 11 L ⊙ < LIR < 10 12 L ⊙ ) 1 , and ultraluminous (LIR > 10 12 L ⊙ ) infrared (IR) galaxies (LIRGs and ULIRGs, respectively), which dominates the star formation rate density at z > 1 (e.g., Magnelli et al. 2011) . In many LIRGs, the bulk of star formation occurs within their circumnuclear regions (< 1 kpc), so that the need for highresolution observations becomes crucial in the detection and study of CCSNe therein.
⋆ E-mail: cromero@astro.puc.cl 1 We adopt L IR = L[8-1000 µm].
The synergy between high resolution radio and nearinfrared (NIR) K-band (where the extinction is 10 times lower than in the optical) observations is currently being used to help build a complete picture of the supernova (SN) activity in dusty starbursts and LIRGs. Outstanding examples are SNe 2000ft (in NGC 7469; Pérez-Torres et al. 2009a, and references therein), 2004ip (in IRAS 18293−3413; Mattila et al. 2007; Pérez-Torres et al. 2007 ), 2008cs (in IRAS 17138−1017 Kankare et al. 2008), and 2008iz (in M82; Brunthaler et al. 2009; Mattila et al. 2013) where both high resolution (to disentangle the emission of the SN from its host) and reduced extinction measurements (radio and NIR), were essential in their detection and characterisation.
Arp 299 is a LIRG with an IR luminosity (LIR ≈ 6.7×10
11 L ⊙ (Sanders et al. 2003) , at an adopted luminosity distance of 44.8 Mpc, assuming H0 = 73 km s −1 Mpc −1 . The system is composed of two interacting galaxies, whose major nuclei (A and B1) and core components in the interacting region (C ′ and C) are bright ra-dio and NIR emitters (Gehrz, Sramek, & Weedman 1983; Alonso-Herrero et al. 2000) . Arp 299 is a very prolific SN factory as proved by the detection of several radio SNe and SN remnants (SNRs) in the innermost nuclear regions of Arp 299A and Arp 299B (Pérez-Torres et al. 2009b; Ulvestad 2009; Romero-Cañizales et al. 2011; Bondi et al. 2012) , and the detection within the last 20 years of seven optical/NIR SNe in the circumnuclear regions of the system (see Anderson, Habergham, & James 2011; Mattila et al. 2012 ). Many attempts have been made to detect at radio wavelengths the SNe occurring in the circumnuclear regions of Arp 299, mostly under observing programmes with the Very Large Array (VLA): AS333 carried out from 1990 May to 1993 December; AS525 on 1994 February to detect SN 1993G; AS568 on 1999 January, February, April and October to detect SN 1999D; AW641 on 2005 February, June and August to detect SN 2005U. We are currently monitoring Arp 299 at radio wavelengths under programmes AP592 and AP614, "Unveiling the Hidden Population of SNe in Local Luminous Infrared Galaxies" (PI: M. A. Pérez-Torres), as part of a combined radio and NIR SN search in a sample of local LIRGs. In this paper we study the nature of the most recently detected SNe in the system, 2010O and 2010P, by means of their late-time radio emission. SN 2010O was discovered at optical wavelengths on 2010 January 24 (Newton, Puckett, & Orff 2010) . The object exploded on 2010 January 7 and lies on a location with intermediate extinction, AV = 2 mag (Kankare et al. 2013) . It was classified as a Type Ib SN by based on a low-resolution optical spectrum obtained with the Nordic Optical Telescope (NOT). Nelemans et al. (2010) reported an X-ray transient at the position of SN 2010O prior to its explosion, and suggested that the progenitor of this SN was part of a Wolf-Rayet X-ray binary system, similar to those found in our Galaxy. SN 2010P was discovered at NIR wavelengths with the NOT on 2010 January 18 ), a few days after explosion (2010 January 10, Kankare et al. 2013) . The spectrum of SN 2010P obtained with the Gemini-North Telescope revealed a deficiency of hydrogen and matched with spectra of Type Ib/IIb SNe , and the absolute magnitude and colours from optical and NIR observations with the NOT and the Gemini-North Telescope yielded a likely high host galaxy extinction of AV ∼ 7 (Kankare et al. 2013) .
This paper accompanies Paper I by Kankare et al. (2013) which presents a study of the early optical and NIR emission of SNe 2010O and 2010P. Here we analyse longterm follow-up radio observations of Arp 299 carried out by us and obtained from archives, with particular emphasis on characterising SNe 2010O and 2010P. In Section 2 we give details on the data reduction and analysis. We describe our results in Section 3, which we then discuss in Section 4. In Section 5 we summarize the conclusions of our work.
RADIO OBSERVATIONS
We have collected observations of Arp 299 obtained with the Multi-Element Radio Linked Interferometry Network (MERLIN), the electronic Multi-Element Remotely Linked Interferometer Network (e-MERLIN 2 ), the VLA of the National Radio Astronomy Observatory (NRAO 3 ), and the European very long baseline interferometry (VLBI) Network (EVN 4 ). In Table 1 we show basic information for these observations (all of which have an assigned label) including the range of frequencies observed, the total time on target (ton), and the peak intensity in each epoch of J1128+5925, which was used as the phase calibrator in all the observations we report here.
The reduction and analysis for MERLIN, e-MERLIN and EVN data were made following standard procedures within the NRAO Astronomical Image Processing System (aips); for the VLA data, we used the Common Astronomy Software Applications package (casa; McMullin et al. 2007) .
Epoch E1 with MERLIN (PI: M. A. Pérez-Torres) was obtained in an attempt to detect the early radio emission of SNe 2010O and 2010P (results reported in Beswick et al. 2010) . Observations of 3C 286 and OQ208 were used for absolute flux density and bandpass calibration.
We used publicly available Ka-band VLA data taken in B configuration (maximum antenna separation of ≈ 11 km) under project AL746 (PI: A. K. Leroy), which include two sub-bands at 29.0 and 36.0 GHz, which we labelled for convenience E2 and E3, respectively, although these observations were obtained at the same epoch. 3C 286 was observed for absolute flux density calibration. To obtain the final image, we applied standard imaging procedures and two iterations of phase-only self-calibration on the target. Since we were interested in a possible detection of the SN, we applied natural weighting to the data to minimise the root mean square (rms).
We observed Arp 299 with the VLA in its most extended configuration, A (≈ 36 km as the maximum antenna separation), under program AP592, and labelled here as epoch E4 (the first radio detection of SN 2010P; Herrero-Illana et al. 2012 ). For imaging we followed the same procedure as for epochs E2 and E3, except for the use of uniform weighting instead of natural, to reduce the effect of confusion with the extended emission (traced by the shortest baselines) at the SN site. This is also true for epochs E9, E11, E12 and E13 which were obtained under program AP614.
Epoch E5 was observed as part of the commissioning observations of e-MERLIN for the Luminous Infrared Galaxy Inventory legacy project (LIRGI;
5 PIs: J., Conway & M. A. Pérez-Torres). The total on-source time was ∼ 25 hr (see Table 1 ) but intense data flagging was needed, leaving only ∼ 16 hr worth of useful data. As amplitude calibrators we observed 3C 286, OQ208 and DA193; to correct the bandpass we used DA193 and 1803+784, the last one being used also as a fringe finder.
Our EVN observations (epochs E6, E7, E8 and E10) originally were aimed at imaging the Arp 299A and -B1 nuclear regions. After confirming the radio detection of SN 2010P in epoch E4 with the VLA (see Herrero-Illana et al. 2012) , we requested the correlation of the EVN observations at the position of the radio SN. For all these epochs, the source 4C39.25 was used as a fringe finder, and also together with J1128+5925 as a bandpass calibrator, to ensure having solutions for all the antennas. We used the EVN pipeline products and improved the calibration of the data by removing radio interference artifacts and by including ionospheric corrections. We determined gain corrections for each antenna by imaging the calibrators with the Caltech program difmap (Shepherd, Pearson, & Taylor 1995) , and applied corrections larger than 10 per cent to the uv-data using the aips task clcor. The EVN maps of SN 2010P at the different frequencies were all made with natural weighting. In Table 2 we show the characteristics of the resultant images, such as the synthesised beam, the attained off-source rms noise, together with other relevant information that will be described in the following sections.
RESULTS
SNe 2010O and 2010P were not detected in the MERLIN observations carried out between 2010 January 29 and February 1 at 5.0 GHz (Beswick et al. 2010 ). However, late-time radio observations have shed light on the nature of these SNe.
The radio non-detection of SN 2010O
In Paper I we determined that SN 2010O exploded on 2010 January 7. We do not detect it in either early-(∼ 0.6 month) or late-time (∼ 1 to ∼ 3 yr after the explosion) radio observations reported by Beswick et al. (2010) ; and/or ii) its radio emission was heavily absorbed by the dense CSM at the moment of the early-time MERLIN observations, and owing to a fastevolving nature, its short radio lifetime prevented its detection in our late-time radio observations.
The radio emission of SN 2010P
In Herrero-Illana et al. (2012) we reported the identification of SN 2010P with a new high signal-to-noise ratio (S/N> 10) radio source in our 8.5 GHz VLA map from 2011 June 15-18 (E4), matching the NIR position within its 1σ uncertainty reported by . No radio source is visible at that position in any of the 14 VLA epochs from 1990 to 2006 analysed by Romero-Cañizales et al. (2011) . The radio detection of SN 2010P is confirmed by our e-MERLIN (4.7 GHz) and EVN observations (at 1.7, 5.0 and 8.4 GHz), and by the archival VLA data, all of these made during 2011 and 2012.
In Table 2 we report the parameters measured from our radio maps at the position of SN 2010P (e-MERLIN and EVN maps are shown in Figure 1) . We include the convolving beam, as well as the attained rms and the flux density measurements in each map. Since the SN remains unresolved in all the epochs, we take its measured peak intensity as a good approximation for the flux density, whose uncertainty includes the contributions of the rms and a systematic 5 per cent uncertainty in the absolute flux calibration 6 . For the images presented in Figure 1 we modified the pixel size of the maps (from epochs E6, E7 and E8) to match that of the lowest resolution map obtained at 1.7 GHz, using the task ohgeo within aips. The luminosities obtained in the late time observations are typical of normal CCSNe. The fact that the SN is detected ∼ 1 yr after explosion and that it has remained radio bright for about two years (the time between epochs E2 and E13), indicates a slow radio evolution and thus the presence of either a dense and/or extended circumstellar medium (CSM).
At an age of 2.4 and 2.8 yr (epochs E6 to E8 and E10) the TB values indicate that the radio emission is non-thermal at the three different frequencies observed with the EVN, and corresponds to a compact object of 2.0 × 0.6 mas 2 (deconvolved size) at α(J2000) = 11 h 28 m 31. s 3605 ± 0.2 mas, δ(J2000) = 58
• 33 ′ 49. ′′ 315±0.2 mas in our 8.4 GHz EVN map (E6), which provides the highest resolution and thus the highest astrometric accuracy. The uncertainty in position has been determined by adding in quadrature FWHM/(2 × S/N) of the SN, plus the uncertainty in position of the phase reference source (∆α = 0.23 mas, ∆δ = 0.13 mas)
7 . We conservatively take the deconvolved size from epoch E6 to set an upper limit to the size of the expanding ejecta of 1.3 mas in diameter on average, which at a distance of 44.8 Mpc, implies an upper limit of 4.3×10 17 cm in radius. For any SN progenitor, such a size would imply that the distance from either the progenitor's centre or the photosphere to the shock region are basically equal. Thus, even considering free-expansion, it is not possible to set a reliable constraint for the shock velocity.
The TB values from the VLA and e-MERLIN epochs are consistent with non-thermal emission that is being suppressed owing to thermal and/or non-thermal processes. With a larger beam in those epochs (compared to that from our EVN images) it is likely that the flux of the SN itself and the contaminating emission from the host, will contribute jointly to the flux measurements.
Contaminating emission
A meaningful comparison among epochs with different resolution necessitates an estimate of the background emission affecting the flux density measurements of the low-resolution images. Contamination is likely to occur when observing at angular resolutions comparable to, or only a few times the separation between a SN and its host. This is specially important in this case since SN 2010P exploded very close to component C ′ (≈ 160 pc projected distance, or ≈ 720 mas), which is also a bright radio source and is surrounded by diffuse emission.
The diffuse emission detectable in the different lowresolution epochs (e.g., E5, Figure 1 ) is limited by the thermal rms in the individual images and the weighting used in the mapping process. The wealth of diffuse emission at the position of SN 2010P is revealed in deep Arp 299 images at different frequencies (e.g., Neff, Ulvestad, & Teng 2004) .
We have co-added all the 8.5 GHz epochs analysed by Romero-Cañizales et al. (2011) , and produced a deep image with a convolving beam of 0.21 × 0.14 arcsec 2 , equal to the average of the convolving beam used in our VLA epochs at 8.5 GHz. We then solved for the zero level emission at the position of SN 2010P using the task imfit within aips, which we then adopted as the background emission at 8.5 GHz for SN 2010P. We estimate the background emission at 4.7 GHz by applying the fiducial spectral index obtained by Leroy et al. (2011) for Arp 299 (α = −0.62), to the background emission at 8.5 GHz. Such a spectral index does not apply to frequencies 30 GHz where a higher contribution from thermal emission is expected. Instead, we obtained a representative zero level emission at 29.0 GHz, by measuring it at different positions around the SN location in our E2 image, and then taking the average of the retrieved values. We note that the E2 image was made with natural weighting to facilitate a robust SN detection, and thus some diffuse emission was detectable in it. The background emission at 4.7, 8.5 and 29.0 GHz are given in Table 3 .
We subtracted the background emission from epochs E2, E4, E5, E9, E11, E12 and E13, at their corresponding frequencies. We then calculated the E4 to E5 and the E6 to E7 spectral indices, to convert the e-MERLIN flux density to be at 5.0 GHz, and allow its comparison with epochs E1 and E7. Similarly, we converted the E6 flux density to be at 8.5 GHz, for the sake of homogeneity. The corrected flux densities at the adopted frequencies along with the observed parameters (from Table 1 ) are shown in Table 4 for comparison.
Radio spectrum
We have obtained a radio continuum spectrum of SN 2010P at three different ages (Figure 2) . We used the corrected flux densities retrieved from the quasi-simultaneous epochs E4 and E5 at 1.4 yr, E6 to E8 at 2.4 yr, and from epochs E9 and E10 at an age of 2.8 yr.
At 1.4 yr, the two-point spectral index (Sν ∝ ν α ) between 5.0 and 8.5 GHz is α X C (1.4yr) = 0.04 ± 0.58, using the corrected values from Table 4 . The resulting 1.7 to 5.0 GHz and 5.0 to 8.5 GHz spectral indices at 2.4 yr are α C L (2.4yr) = −0.44 ± 0.09, and α X C (2.4yr) = −1.62 ± 0.33, respectively. At an age of 2.8 yr, the 5.0 to 8.5 GHz spectral index results in α X C (2.8yr) = −1.40 ± 0.83. The flat spectral index that we observe at 1.4 yr indicates that the SN emission is becoming transparent at ∼500 days after explosion. We note that once a SN reaches its maximum (at time t peak ) and enters its optically thin phase, a higher flux density is observed at lower frequencies ), as we observe for SN 2010P at 2.4 and 2.8 yr. The knee in the spectrum at 2.4 yr would be a con- 
Note that the values of some epochs are unchanged, but we show them all for completeness. sequence of the radio emission being transparent at 5.0 and 8.4 GHz, whilst still being slightly absorbed at 1.7 GHz.
We note that α X C (2.4yr) and α X C (2.8yr) are highly consistent. However, the latter involves a measurement affected by the galactic background emission unlike the former, and hence it has a larger uncertainty. We thus consider that α X C (2.4yr) describes the optically thin phase of the SN more reliably (see Section 3.3).
The radio light curve of SN 2010P
The shape of a SN light curve is dominated by two main factors: the non-thermal radio emission which declines slowly, and the rapid decline of non-thermal and thermal absorption, mainly, synchrotron self-absorption (SSA) and free-free absorption (FFA). SSA originates at the shocked-CSM region, when the pressure is high enough so that the ultrarelativistic electrons absorb their own synchrotron photons. FFA arises from the ionized medium surrounding the SN, which absorbs the synchrotron photons.
There are a number of models in the literature which allow a successful parametrisation of SN light curves (see e.g., Weiler et al. 2002; Soderberg et al. 2005) . Whilst these models include many details on the characteristics of the SN itself and its CSM, a good sampling of the radio emission through time at multiple frequencies is required to constrain all of these parameters.
We make an attempt to parametrise the light curve of SN 2010P using the model described in Weiler et al. (2002) . Given that the sampling we have is very limited, we aim to obtain a qualitative view of the SN 2010P radio behaviour when comparing it with other known radio SNe. At the late SN stages covered by our data, we expect that the radio light curves will be dominated by FFA, however, as SSA has been found to be important in the evolution of type Ib/IIb SNe, here we explore both pure SSA and pure FFA models. Whilst a combined SSA and FFA model would be ideal, we note that this is not feasible due to the scarce existing data, specially at early epochs covering the optically thick part of the SN evolution.
Following Weiler et al. (2002) , the evolution in time (t) of the flux density (S) at a frequency (ν) is given by,
with
where
is the optical depth of homogeneous CSM, whereas that cor-responding to clumpy CSM is
δ; and
is the optical depth for SSA.
The time dependence of the supernova emission is described by β, whereas δ and δ ′′ describe the time dependence of the optical depth for the absorption by the local ionized medium and by SSA, respectively. The explosion date is denoted by t0, and the spectral index in the optically thin phase of the SN by α. The K-terms correspond to the flux density (K1), the absorption by a homogeneous (K2 and K4) and/or clumpy (K3) CSM, and the internal non-thermal absorption (K5) at a frequency of 5 GHz.
In the following, we adopt t0 = 2010 January 10 (from Paper I), α = −1.62 ± 0.33 (from Section 3.2.2).
Pure SSA model and results
In the pure SSA model the absorption by the ionized CSM is negligible, so A1 and A2 → 1 in Equation 1, and we only need to solve for K1, K5, β and δ ′′ . We do this by implementing a Monte Carlo simulation as explained in Appendix A. This resulted in K1 = 2.64 −0.01 , with a reduced χ 2 of 5.2. The fitted values were used to draw the parametrised light curves we present in Figure 3(a) , which provides approximate estimates for the peak luminosities at each frequency and the time at which these occurred (see Table 5 ). We note that the inferred peak flux densities at lower frequencies seem to be much higher than those at higher frequencies. This might be the effect of the absorption decreasing very rapidly (as indicated by the high, negative value of δ ′′ ) and thus affecting less the lower frequencies than the higher ones.
To infer physical parameters characterising the SN and its progenitor, we will consider in the following that the power-law distribution of relativistic electron energies is governed by p = 3 (N (E) ∝ E −p ) and assume both that the ratio of the magnetic energy density to that of particles is equal to one (i.e., equipartition), and that the emitting region fills half of the volume determined by a spherical blast wave. We will concentrate on the physical parameters obtained at 5.0 and 8.5 GHz since the radio evolution of SN 2010P is better constrained at these frequencies, compared to 29.0 and 1.7 GHz, where only one data point is available.
When SSA is the dominant absorption mechanism, the radius of the blast wave according to Chevalier (1998) Table 5 , we obtain R shell = 17 cm; Section 3.2). For the different frequencies, we then infer a brightness temperature of ∼3.5×10 10 K at both frequencies, which is consistent with non-thermal emission, close to, but without surpassing the Inverse Compton Catastrophe limit (T ICC B
∼ 1×10
11 K, e.g., Readhead 1994) above which equipartition no longer holds. We also calculate average expansion speeds from R shell /t peak , leading to sub-relativistic velocities for the radio ejecta of 1,460-1,785 km s −1 (or ∼0.005c). We can estimate the deceleration parameter (m) considering that the blast-wave radius evolves in time as R shell ∝ t m . A basic line fitting in the R shell vs. t peak plot yields m = 1.4. This is well outside the possible range of values that guarantee the existence of a self-similar solution for the postshock flow (2/3 m 1, e.g., Chevalier 1982), with m < 1 meaning that the shock is decelerating, and m = 1 remaining steady. Another possibility is to use m = −(α − β − 3)/3 , which results in 1.10 ± 0.11 and represents a permitted value within the uncertainties, but which might also indicate that at least one of the assumptions we have made does not apply.
The magnetic field strength at the time of the peak under the assumptions above, can be calculated as
following Chevalier (1998) , and resulting in 0.6-1.0 G for SN 2010P. In addition to the assumptions made above, we also consider a minimum Lorentz factor γm = 1, so that the electron density (Horesh et al. 2013) ,
is (0.8, 2.5)×10 4 cm −3 at 5.0 and 8.5 GHz. This allows us to obtain an estimate of the ratio of the mass-loss rate in units of M ⊙ yr −1 (Ṁ ) to wind velocity of the progenitor star in units of 10 km s −1 (v wind10 = v wind /10 km s −1 ),
which for SN 2010P yields (1.6-1.9)×10 −7 .
Pure FFA model and results
Just as for the SSA model, we performed a Monte Carlo simulation to solve for K1, K2, β and δ, having adopted the terms K3 and K4 to be sufficiently small so that τ external = K2 ν 5 GHz −2.1 t − t0 1 day δ and A2 → 1 in Equation 1(see the discussion on these approximations and details on how the fit was made in Appendix A). In the pure FFA model, SSA is not relevant, so A3 → 1 as well.
The Monte Carlo simulation resulted in K1 = 9.20 Figure 3(b) ) reproduces the spectral behaviour we infer from our spectral index measurements at 2.4 and 2.8 yr (see Figure 2) . In Table 6 we show the approximate time to peak, peak flux density and peak luminosities at the different frequencies, obtained from the FFA lightcurve fit (Figure 3(b) ).
Using the time dependence of the absorption due to the ionized CSM, the deceleration parameter is calculated as m = −δ/3, resulting in 0.74 ± 0.01 for SN 2010P. In the FFA case at peak times, if assuming that the ejecta velocity can be measured from optical lines (e.g., Hα) 45 days after explosion (Weiler et al. 1986 ), we have that
SN ejecta is expected to have a distribution in velocity as it moves through the CSM. For example, for the Type IIb SN 2011hs, v shock ranged from 8,000 to 12,000 km s −1 . Recently, Inserra et al. (2013) investigated the photometric properties of a group of moderately luminous Type II SNe and found that in the early phases of the SN explosion, the expansion velocities as measured from Hα and Hβ, range between 10, 000-12, 000 km s −1 . For SN 2010P we use the commonly used shock velocity value for Type II SNe v shock ≈ 10, 000 km s −1 near maximum light (e.g., Weiler et al. 2002) , as we lack measured shock velocity values (Paper I). Using the m value we estimated above and the t peak values from Table 6 , we obtain R shell = (29.6, 20.3)×10
15 cm for ν peak = 5.0 and 8.5 GHz, respectively. These sizes do not violate the EVN limit of 4.3×10 17 cm, and imply brightness temperatures of (3.2, 2.1)×10
9 K, and thus below the ICC limit. As we did in the SSA model, the average expansion speeds in this case are 7,380-8,410 km s −1 (or 0.02-0.03c), hence, also subrelativistic.
To estimate the progenitor's average mass-loss rate, we can follow two approaches. For the first approach, we consider equation (11) in Weiler et al. (2002) and we assume that only the uniform component of the CSM contributes to the absorption of SN 2010P radio emission, so that at day t peak , the ratio ofṀ to v wind10 is given bẏ external , which for SN 2010P is ∼ 0.82 at all the considered frequencies. Assuming that v shock ≈ 10, 000 km s −1 , and 10,000 K for the CSM temperature T we obtainṀ /v wind10 < 4.0×10
−5 , consistent with the upper limit obtained following the first approach. We note that the relation used as a second approach does not depend on v shock and thus, assuming thatṀ /v wind10 is equally good following the first and the second approach, we can plug in the ratio obtained here at 5 GHz into the first relation to solve for v shock . We obtain v shock ∼ 8, 400 km s −1 at 5 GHz, which matches quite well with the average expansion speed we estimated above. From now on, we considerṀ /v wind10 = (3.0-5.1)×10
−5 as a representative value for the mass-loss rate to wind velocity ratio.
We can now also estimate the CSM density as ρCSM = 1.6×10
(e.g., Horesh et al. 2013) . For SN 2010P, this leads to ρCSM = (0.7, 1.2)×10 4 g cm −3 at 5.0 and 8.5 GHz, respectively.
FFA vs. SSA
In Sections 3.3.1 and 3.3.2 we have obtained physical parameters for SN 2010P assuming pure SSA and pure FFA models dominating its radio emission.
The reduced χ 2 of the SSA model doubles that of the FFA model, indicating that FFA describes better the latetime observations we present here. Beyond this, we also note some inconsistencies in the inferred parameters from the SSA model. For instance, following two different approaches we found that the deceleration parameter is 1 in the pure SSA model. This clashes with the expectation of rapid deceleration as the SN shock moves into a dense CSM, and implies that the blast wave has been expanding at average shock velocities < 2, 700 km s −1 (Section 3.3.1). These velocities are unrealistically low, whereas those obtained for FFA are in fact physically reliable and agree better with measured velocities for other SNe (Inserra et al. 2013 ) (see Section 3.3.2). Furthermore, the low mass-loss to wind velocity ratio we obtained in the pure SSA model Whilst SSA might be important at early stages of SN 2010P (where the existing data is scarce), we find that the FFA model fits the available data better and we thus adopt FFA as the dominant absorption mechanism for SN 2010P.
SN 2010P characterisation and radio parameters
In Table 7 we show the fitting parameters for SN 2010P we obtained when assuming FFA (Section 3.3.2), together with those of other well-studied Type II radio SNe from the literature for comparison purposes. We only included those fitting parameters relevant for comparison with SN 2010P.
From Table 7 we note that Type IIb SNe have the steepest spectral indices among the Type II SNe, as well as the lowest mass-loss rates, and this is the case as well for SN 2010P. Other parameters such as K1 and β vary greatly among SNe of the same type, thus cannot be used to set further constraints. The value for parameter δ tends to be smaller for Type IIL and IIn SNe, and the one we obtained for SN 2010P is typical for Type IIb SNe, with the exception of SN 2011hs, whose δ is significantly different from the value fitted for other Type IIb SNe, however, this is consistent with the rapid deceleration observed in the time evolution of the ejecta velocity .
Parameter K2 is indeed much larger for SN 2010P compared to other Type IIb SNe. However, we note that such a high value has also been obtained for SN 2001gd when assuming a pure FFA model for its radio light curve (Stockdale et al. 2003 ), as we have assumed for SN 2010P. Stockdale et al. (2007) improved on their results from 2003 by gathering a more complete data set of observations, and combining SSA and FFA components in the parametrization of the SN 2001gd light curves.
The fitted light curves we present in Figure 3(b) assuming FFA, reproduce the optically thin behaviour we infer from our spectral index measurements at 2.4 and 2.8 yr (see Figure 2) , and provide a rough estimate for the time it took the SN to reach its peak at 5 GHz (t peak ∼ 464 days) and the corresponding peak luminosity at 5 GHz (L peak ∼ 1.2×10 27 erg s −1 Hz −1 ), which can be used to infer the SN type (see Figure 4) . We note that SN 2010P lies close to Type IIL SNe in that plot. However, the early optical spectrum of SN 2010P (Paper I) does not show strong hydrogen features, as should be observed in a typical Type IIL SN.
DISCUSSION
The optical spectroscopy reported in Paper I indicates that 2010O is a Type Ib SN, which are known to be bright at radio frequencies. In fact a peak luminosity < 3×10 26 erg s −1 Hz −1 (see Figure 4) is quite uncommon for Type Ib/c SNe . Additionally, these SNe evolve very rapidly and thus reach their peak luminosity within a few tens of days (e.g., SN 2008D, Soderberg et al. 2008) , so the most likely explanation for the radio non-detection of SN 2010O is that it reached its peak some time after the early-time MERLIN observations by Beswick et al., and well before our observations in 2011, so it went unnoticed owing to the lack of prompt radio observations.
SN 2010P lies in a location with larger extinction than seen toward SN 2010O (AV = 7 mag, Paper I) and at a ≈ 160 pc projected distance from the component C ′ , SN 2010P is the first radio SN detected in the outskirts of a bright radio emitting component in Arp 299, despite the intense radio monitoring. Its strong radio emission 1.4 to 2.8 yr after explosion indicates a strong interaction between the SN ejecta and the CSM. Whilst the early optical spectrum is consistent with the SN being either a Type Ib or IIb (Paper I), the late-time radio detection rules out a Type Ib origin.
The parameters we obtained to fit the radio light curve of SN 2010P are common for luminous Type II SNe (see Table 7 . Fitting parameters from radio light-curve models of SN 2010P and known Type II SNe. Table 7 ). Whilst the inferred peak luminosity and the time to reach the peak are more comparable to those of Type IIL's, its estimated mass-loss rate to wind velocity ratio, M /v wind10 = (3.0-5.1)×10
−5 , and its inferred deceleration parameter (∼ 0.74), support better a Type IIb nature with a slow evolution, and are consistent with the early optical spectra lacking strong hydrogen features (Paper I). We note that some Type IIn SNe have comparable mass-loss rate to wind velocity ratios (see Table 7 ), however, these SNe are also an order of magnitude more luminous than SN 2010P at their peak.
It has been suggested that Type IIb SNe can be divided into two broad groups under the assumption that SSA is the main absorption mechanism: i) slowly evolving SNe at radio frequencies (t peak > 100 d) with a large (> 0.1 M ⊙ ) hydrogen mass envelope and slow ejecta velocity (∼ 10, 000 km s −1 ), expected from an extended progenitor (R ∼ 10 13 cm); ii) rapidly evolving SNe (t peak < 100 d) with a small hydrogen mass envelope (< 0.1 M ⊙ ) and fast ejecta velocities (a factor of 3-5 larger than in case i), expected from a compact progenitor (R ∼ 10 11 cm). According to this interpretation, SN 2010P would come from an extended progenitor since it took hundreds of days to reach its peak (in both FFA and SSA fits). In Paper I we do not find evidence for a large hydrogen mass envelope (i.e., > 0.1 M ⊙ ) around SN 2010P, in contradiction with the expectations for an extended progenitor as inferred from its radio behaviour. The properties of SNe 2011dh and 2011hs where more direct evidence of the progenitor star has been obtained (Bersten et al. 2012; Bufano et al. 2014, respectively) , further suggest that the inferred radio properties of a SN are not a strong beacon of the progenitor size. This could be related to the assumption of SSA dominance for poorly sampled light curves.
In the case of SN 2001gd, the assumptions made to fit its radio light curve greatly affected the estimate for the time it took the SN to reach its peak at 5 GHz, going from 173 d in the FFA model (Stockdale et al. 2003) , to 80 d in the SSA+FFA model ), thus placing this SN in the compact IIb category, following the interpretation from . Unlike in the SN 2001gd case, we do not have early data for SN 2010P describing its turn-on phase at any frequency, and thus, we cannot quantify the presence of SSA in its evolution. However, it is rather unlikely that SSA will dominate the absorption for SN 2010P radio emission when the SN has been detected at such late ages. Thus, although the t peak we estimated for SN 2010P represents an upper limit owing to our assumption of FFA being the only absorption mechanism, we have seen that assuming an SSA model pushes the peak at different frequencies to even later times and the same interpretation holds. However, there is another possible scenario which we cannot exclude. SN 2010P could have reached a first peak at early times not sampled by our data, and we could in fact be witnessing a re-brightening of the SN at later times. In this situation, t peak would have occurred earlier and SN 2010P would appear closer to other Type IIb SNe in the L peak vs. t peak plot.
Observationally, strong variations in the optically thin phase of different types of CCSNe are rather common (see table 4 in Soderberg et al. 2006) owing to the complexity of their CSM. For Type IIb SNe, it has been shown that variations in the mass-loss of the progenitor (e.g., luminous blue variable-like stars), can create inhomogeneities in the CSM and thus modulations in the SN radio light curve (e.g., Kotak & Vink 2006; Moriya, Groh, & Meynet 2013) .
The sparse sampling of the SN 2010P light curve does not allow us to conclusively determine whether our late-time observations match with the forward shock encountering a first, or a second high-density region. Multiple high-density regions can be produced by mass-loss episodes, meaning variations in the mass-loss rate throughout the lifetime of the progenitor star. However, the early optical/NIR data (Paper I) do not show evidence for interaction with the CSM at the early stages of the SN, i.e., the interaction with the CSM corresponding to the end of the progenitor star's lifetime. Therefore, although we cannot rule out completely the possibility of the peak radio luminosity corresponding to a secondary mass-loss episode, the observations (both radio and NIR) strongly suggest that we are witnessing a slow radio evolution of SN 2010P.
CONCLUSIONS
We report radio observations towards SNe 2010O and 2010P in the LIRG Arp 299. SN 2010O was not detected throughout our radio monitoring of the host galaxy which lacked observations of the SN at ages between 0.6 month and 1.4 yr, time enough for a Type Ib SN to have have risen to a peak, then decayed. SN 2010P was detected at various frequencies in its transition to, and in its optically thin phase from ∼1 to ∼3 yr after explosion. Our observations favour FFA as the dominant absorption mechanism controlling the radio emission of this SN. We characterise it as a luminous, slowly-evolving Type IIb SN witḣ Figure 4) , and three of them have only reported radio detections (SNe 2008bo, PTF 12os and 2013ak reported in Stockdale et al. 2008 Stockdale et al. , 2012 Kamble et al. 2014, respectively) . SN 2010P is also the most distant Type IIb SN detected so far, and the one that according to our data, has taken the longest time to reach its peak. However, a comprehensive, multi-wavelength study covering both rise and decline of the SN emission is needed to investigate possible progenitor star scenarios. We note that the early epochs after shock breakout are crucial, since this when when we can gather more information about the progenitors and the dominant absorption mechanism (SSA/FFA) shaping the radio light curves, thus helping us to better understand the CCSN phenomenon, and thereby the interplay between massive stars and their CSM. Figure A2 . Normalised cumulative distribution of the fitting parameters in the pure FFA model. Solid and dashed lines are as described in Figure A1 . The references are those from Table 7 .
A1 Pure SSA fit parameters
The cumulative distributions for K1, K5, β and δ ′′ , whilst consistent with a Gaussian distribution, show some departures from the expected behaviour, as they reach a value of unity very abruptly. We note that the high value of K5 implies that the SSA absorption is very important; however, the high negative value of δ ′′ indicates that the absorption decreases quite quickly with time, and tells us that SSA is more important at early stages in the evolution SN 2010P. Thus, the poor sampling we have on the optically thick part of the radio light curves, inevitably results in a poor SSA fit.
A2 Pure FFA fit parameters
Parameter K1 is the least symmetric in its cumulative distribution, however, it still resembles a Gaussian shape. The available number of epochs with detections at each frequency is not sufficient to constrain further parameters such as K3 and K4, and we therefore assumed them to be negligible. In Table A1 we compare the values for K3 and K4 fitted for known Type II SNe and SN 2010P. In most cases the term K4 is absent, meaning that a putative distant ionized gas is not affecting the expansion of the SN ejecta. Thus, considering K4 ∼ 0 for SN 2010P is a fair assumption.
In the case of K3, we note however that when included in the fit of other SNe, it takes significantly high values. To explore its possible influence on the fit, we investigate the A2 term in Equation 1. A2 takes values between 0 and 1, and for it to have some effect on the light-curve fitting requires that 0.01 τCSM clumps 100 (see Figure A3 ). This implies that a meaningful K3 would take the following values at each of the frequencies we present data for: 6×10 
K3

5×10
13 and 3×10 9 K3 7×10 14 at 5.0 and 8.5 GHz, respectively. Therefore, K3 < 6×10 6 would have the same effect as K3 ∼ 0 at all the frequencies considered here. We cannot set strong constraints on K3 owing to our sparse sampling at each frequency, and we note that the presence of a clumpy absorbing medium is not needed to reproduce the spectral behaviour of SN 2010P. Thus, we assume K3 ∼ 0. 
